Simula on of Daily Nitrous Oxide Emissions from Managed Peat Soils
Simula on of emissions of the greenhouse gas N 2 O from agricultural land is s ll a challenge. This is mainly due to its high temporal variability, with low background emissions and a few transient peaks. In this study, a fi rst a empt was made to simulate observa ons of N 2 O fl uxes with a daily me step from managed peat soils. We used a new N 2 O module added to the extensively tested hydrological-biogeochemical model combina on SWAP-ANIMO, hypothesizing that accurate simula on of the controlling factors would imply accurate simula on of the dynamics of the N 2 O emissions as well. We used daily N 2 O emission data from three sites in the Netherlands, with complementary data on soil moisture, mineral N content, and soil N 2 O concentra on. Simula on of soil moisture, mineral N, and N 2 O concentra on was reasonable to good. S ll, simula on of the daily N 2 O emissions was poor, with model effi ciencies <0, mainly due to overes ma on of N 2 O emission from denitrifi caon in the topsoil. We expect that the model overes mated diff usion of N 2 O from the topsoil to the atmosphere, thereby underes ma ng further reduc ons of N 2 O to N 2 . This was probably linked to the complex peat pore geometry. We concluded that the descripon of the N 2 O processes in our model was insuffi cient to accurately simulate daily N 2 O emissions from peat soils, even when the main controlling factors are accurately simulated. Improvement is expected from incorpora on of the eff ects of (peat) pore geometry on soil moisture and consequently on N 2 O produc on, reduc on, storage, and transport.
Nitrous oxide is one of the main greenhouse gases (e.g., Denman et al., 2007) and is the main ozone-depleting compound in the stratosphere in the 21st century (Ravishankara et al., 2009) . Agricultural soils are the largest anthropogenic source, globally (Denman et al., 2007) , in Europe (Schulze et al., 2009) , and in the Netherlands (van der Maas et al., 2008) . In the Netherlands, annual N 2 O emissions from agricultural soils is estimated to be 27.6 Gg, which accounts for 51% of the total Dutch N 2 O emissions (van der Maas et al., 2008) . Peat soils are thought to be major contributors to the national N 2 O emissions (Velthof and Oenema, 1995) . Nitrous oxide emission estimates are highly uncertain, however; for agricultural soils in Europe and the Netherlands, the uncertainty is estimated to be 50 and 61%, respectively (van der Maas et al., 2008; Schulze et al., 2009) . Th is uncertainty is mainly due to the high spatiotemporal variability of N 2 O fl uxes, which hampers both measuring and modeling (Groff man et al., 2009 ).
Time series of N 2 O emissions typically show long periods with low background emissions interspersed with high peak emissions lasting a couple of days to weeks. Despite their short duration, these peaks can constitute a major part of the total annual N 2 O emissions (e.g., Yamulki et al., 1995; Scheer et al., 2008) .
Nitrous oxide is mainly produced by nitrifi cation and denitrifi cation. Th e main controlling factors for both processes are soil moisture content, soil temperature, O 2 content, mineral N content, and soil organic matter content (Granli and Bøckmann, 1994) . Th ese controlling factors are highly dynamic and can change abruptly aft er events like fertilization, rainfall, or soil thawing. Relationships between the key controlling factors and N 2 O emissions appear to vary, however, with time, scale, and location (Yates et al., 2007) .
In the modeling of N 2 O emissions, accurate simulation of peak emissions is a pivotal issue (e.g., Stehfest and Muller, 2004; Lamers et al., 2007) . Th is requires models with a time step of 1 d or even less. Various process-based simulation models for daily N 2 O fl uxes are available, of which DNDC (Li et al., 1992a,b) and DayCent are probably the best known. Chen et al. (2008) have provided an overview of eight processbased models with a daily time step, concluding that many uncertainties still exist in the simulation of N 2 O fl uxes.
Nitrous oxide emissions were modeled on a daily basis with the process-based model combination SWAP-ANIMO. Devia ons between observed and simulated emissions point out the need to incorporate the eff ect of soil structure on diff usion, storage me, and further reduc on of nitrous oxide to nitrogen gas.
Good simulation results have been obtained for daily N 2 O emissions from forest soils (Werner et al., 2007) . Simulation of daily N 2 O emissions from agricultural soils, on the other hand, is still a challenge (Groff man et al., 2009) . Whereas cumulative emissions have been simulated fairly well, the simulation of daily emissions leading to these results is poor (e.g., Li, 2000; Saggar et al., 2007; Jarecki et al., 2008) , suggesting that the good results may not have been obtained for the right reasons. Perhaps it is even more illustrative that most studies on agricultural land do not present statistical data on daily model performance for N 2 O emissions (Cannavo et al., 2008) . Th e main reason for this poor model performance is the lack of data with a high temporal resolution (Groff man et al., 2009) , particularly in relation to fertilization . For peat soils, we do not know of any studies in which the simulations were compared with fl ux data with a time step <7 d.
In former work, discrepancies between simulations and observations have been attributed to errors in the simulation of the N 2 O production (Saggar et al., 2007; Del Grosso et al., 2008; Li et al., 2008) , the transport of N 2 O (Li et al., 1992b) , or discrepancies in the simulation of the main controlling factors (e.g., Stehfest and Muller, 2004; Jarecki et al., 2008) . Soil moisture and associated hydrology have been recognized as the most important of these (Frolking et al., 1998; Groff man et al., 2009 ) because they have a direct relation to all processes involved in production, consumption, and transport of N 2 O (Heincke and Kaupenjohann, 1999) . Moreover, soil moisture transport directly affects other main controlling factors such as O 2 content and mineral N content. To improve understanding and simulation of daily N 2 O emissions, it is therefore essential not only to have emission data with a high temporal resolution (Groff man et al., 2009) but also data on the driving factors (Stehfest and Muller, 2004; Chen et al., 2008) .
In this study, we attempted to simulate daily observations of N 2 O fl uxes from managed peat soils in the Netherlands. We hypothesized that accurate simulation of daily N 2 O emissions is possible if the dynamics of soil moisture and mineral N content in the soil profi le are modeled accurately. To test this hypothesis, we used the detailed hydrologic model SWAP (Soil-Water-AtmospherePlant) (van Dam, 2000; Kroes et al., 2008; van Dam et al., 2008) coupled to the biogeochemical model ANIMO (Agricultural Nutrient Model) (Rijtema et al., 1999; Groenendijk et al., 2005; Renaud et al., 2005) . Th e ANIMO model was originally developed for the simulation of N and P leaching from arable land. In several studies, this model combination has been shown to be able to simulate soil moisture and nutrient dynamics in the soil profi le quite satisfactorily (e.g., Moreels et al., 2003; Marinov et al., 2005) and it is part of the national nutrient emission modeling system STONE (Wolf et al., 2003) . Recently, ANIMO has been extended to describe production, consumption, and transport of N 2 O (Hendriks et al., 2010) .
For the present study, we used N 2 O fl ux observations from three grassland sites on peat. In the fi rst part of this study, we determined how accurately the measured daily N 2 O emissions could be simulated with SWAP-ANIMO. Next, we assessed the sources for errors in the simulated emission. Finally, we looked at how the simulation of daily N 2 O emissions could be improved.
Materials and Methods

Sites
Observations were used from three grassland sites in the western part of the Netherlands: Stein, Oukoop, and Zegveld. At the three sites, the topsoil consists of peaty clay and clayey peat on a subsoil of eutrophic peat, a Hydric Haplofi brist (Soil Survey Staff , 2010) . Th e three sites diff er with respect to agricultural management practices and water management. Details on management and N 2 O measurement techniques are provided in Tables 1 and 2 .
Th e Stein site is a meadow bird reserve and was in use as a hay fi eld. Th e Oukoop and Zegveld sites were in use for intensive dairy farming. At Zegveld, submerged drains had been installed in 2005 for a drainage and infi ltration experiment, with a relatively short drain distance of 4 m. A more extensive description of the Stein and Oukoop sites was given by Veenendaal et al. (2007) , Schrier-Uijl et 
Measurements
At Stein, N 2 O fl uxes were measured with four automatic chambers, designed following Butterbach-Bahl et al. (1997) . Two chambers received fertilizer and only data from these two chambers were used in this study. Th e fl ux chambers were made of Perspex in steel and were placed at approximately 2 m from a ditch. Th e chambers were inserted in the soil and had a surface area of 0.6 by 0.8 m and a height of 0.15 m. Each chamber was closed for 60 min once every 4 h. During precipitation events, the lids of the chambers were opened and measurements were stopped. Th e N 2 O concentrations were measured at the start and end of the closure period with a gas chromatograph fi tted with an electron capture detector located on the site. Daily fl uxes were determined as the median of all fl uxes measured at 1 d ± the median absolute deviation. Th e fl uxes are only representative for the area in the chambers. Th e simulation was set up specifi cally for this area.
At Oukoop, N 2 O fl uxes were determined every 30 min with a combination of a quantum cascade laser spectrometer and a sonic anemometer following the eddy covariance method (Lee et al., 2004) . Th e fl uxes are representative for a larger area, with several fi elds separated by ditches (approximately 16% from the land surface. Daily fl uxes were determined as the mean of the fl uxes measured during the day ± the uncertainty. A detailed description of the system and the determination of the measurement uncertainty was given by Kroon et al. (2007 Kroon et al. ( , 2010a .
At Zegveld, N 2 O fl uxes were measured during 2008 once a month in the winter and twice a month in the summer. Th e N 2 O fl uxes were measured at eight places on each sampling date, using manually operated chambers. The daily flux was determined as the median fl ux ± the median absolute deviation. Th e fl uxes represent the fi eld fl ux. Details on the chambers and measurements were provided in Velthof and Oenema (1995) At Zegveld, additional measurements of N 2 O concentrations were made, measured on the same dates as the fl uxes. Gas samples were collected at the 0.20-, 0.40-, and 0.60-m depth from 1-m-long silicone tubes horizontally inserted in the soil and connected to a capillary tube with Luer lock fi ttings to sample N 2 O. Sampling of N 2 O and measurements of N 2 O concentrations were done on an isotope ratio mass spectrometer, using the method described by van Groenigen et al. (2005) .
At all three sites, the main soil horizons were determined in a soil pit. At Stein, soil samples were taken from each soil horizon for analyses. At Oukoop, soil samples for analyses were taken from only the topsoil (0-0.20 m). According to the soil map of the area (Markus et al., 1984) , Oukoop and Stein have the same subsoil. Soil characteristics of the three sites are provided in Table 3 . At all three sites, soil moisture was measured daily and NO 3 and NH 4 contents were measured regularly at various depths. At Zegveld, surface levels and pressure head in the subsoil were measured regularly. 25-60 eutrophic peat ND 44.2 3.7 0.17 90 ND >60 eutrophic peat ND 42.6 4.5 0.14 ND † Th e subsoil at Oukoop was assumed equal to the subsoil at Stein. ‡ ND, not determined. § Soil characteristics of Zegveld according to Beuving (1984) .
Meteorological data were obtained from the Royal Dutch Meteorological Institute (2010) . Th e nearest full meteorological station for all three sites is at Cabauw, which is representative for all three sites. For Zegveld, we used precipitation data from the precipitation station at Zegveld.
Model Descrip on
Th e SWAP model (van Dam, 2000; Kroes et al., 2008; van Dam et al., 2008) is a multilayered simulation model with output of soil moisture fl uxes and content and soil temperature on a daily basis or shorter. Soil moisture transport calculations are based on the Richards' equation and allow more complex processes like hysteresis, macroporous fl ow, soil freezing, and water repellency. Top, bottom, and lateral boundary conditions in SWAP allow computation of plant transpiration and interception, soil evaporation, runoff , irrigation, lateral drainage to and infi ltration from drains and surface water, and seepage to or infi ltration from deeper aquifers. Some typical examples for case studies with SWAP that have been published in international literature are listed by van Dam (2000) and van Dam et al. (2008) . Th e ANIMO model (Rijtema et al., 1999; Groenendijk et al., 2005; Renaud et al., 2005; Hendriks et al., 2011 ) is a dynamic processbased simulation model with a daily time step for nutrients (N and P) and organic matter dynamics in the soil. It uses the output from SWAP to prescribe water fl ow, soil moisture, and soil temperature dynamics. In ANIMO, vegetation interacts with soil moisture and nutrients. Recently, ANIMO has been extended to describe the production, consumption, and transport of N 2 O (Hendriks et al., 2011) . Th e N 2 O processes are implemented in the way of functional, physically based relations from the literature. Th e ANIMO model does not take account of changes in the microbial community that might occur during soil thawing or rewetting (Gordon et al., 2008; Groff man et al., 2009) . For convenience, the main characteristics and equations of the N 2 O module and the symbols used have been added in the Appendix. A list of publications on simulation studies using ANIMO is provided by Alterra (2008) .
Model Performance Criteria
Model performance was assessed with the following generally used statistics: the coeffi cient of determination, r 2 (dimensionless), and the RMSE (g N 2 O-N ha −1 d −1 ) (Neter et al., 1996) . Additionally, the modeling effi ciency r eff 2 (dimensionless) (Nash and Sutcliff e, 1970) , the RMSE normalized to the standard deviation, RMSE n (dimensionless) (Kiese et al., 2005) , and the coeffi cient of residual mass, CRM (dimensionless) (Moreels et al., 2003) , were determined. In the case of skewed distributions, as is oft en observed for daily N 2 O emissions, r eff 2 is a stricter measure than r 2 . A negative value for r eff 2 indicates that the mean is a better estimate of the observations than the predicted value and model simulation is considered "poor." Th e RMSE tends to increase when more N 2 O peak emissions are observed. Th erefore RMSE n is a better measure for comparison of model performance across diff erent data sets.
Th e CRM is a measure of the fi t of the cumulative fl ux. Th e CRM was not determined for Zegveld because the sum of the fl uxes was not representative of the cumulative fl ux in that case.
Parameter Values
The main strategy regarding the choice of model parameter values was to use as many default values as possible rather than measurements or calibrated values. Th e SWAP-ANIMO model combination has >100 input parameters. Large observational needs oft en hamper the use of detailed process-based models at larger scales, but using default values increases the applicability of this model combination.
Only the values for the site-specifi c model parameters were based on the observations. For each site, a soil profi le description was available. Each soil horizon was classifi ed according to the Staring series (Wösten et al., 1994) , with the accompanying input values for the van Genuchten water retention function (van Genuchten, 1980) . For saturated water content, we used the maximum observed soil moisture content. Input values for the resistance coeffi cients in the diff usion equation (see Appendix, Eq. [7] ) were also based on this soil classifi cation, following Groenendijk et al. (2005) . Th e resistance of the peat layer to vertical fl ow and the hydraulic head in the deeper aquifer were based on data from the Dutch TNO database for data and information on the subsurface of the Netherlands (TNO, 2009). Drainage resistances were based on expert judgment.
Th e values for most non-site-specifi c model parameters were based on default values Renaud et al., 2005; Kroes et al., 2008) or on the national nutrient emission modeling system STONE, version 2.3 (Wolf et al., 2003) . Th e STONE system is a chain of models, including SWAP and ANIMO, covering a time span from 1941 until the present. For STONE, the Netherlands has been divided into >6400 plots (Kroon et al., 2001) . We used the non-site-specifi c model parameters of the plot containing all three site locations. Th e parameters of the N 2 O modules were calibrated. Some model parameters were based on previous unpublished simulation studies on peat soils. In Table  4 , the non-site-specifi c parameters are listed that diff er from the default values or values used in STONE.
Th e input data for meteorology and agricultural management were based on observations (see above).
The initial conditions in 2006 (Stein and Oukoop) and 2008 (Zegveld) were defi ned with a spin-up run starting in 1941. A 15-yr SWAP run for each site with meteorological data for the period 1986 to 2000 was used as hydrologic input for consecutive blocks of 15 yr. We assumed drainage via tube drains from 1986 onward at Stein and Oukoop, at Zegveld from 1970. Management data and boundary conditions for ANIMO for the spin-up run were taken from STONE (Wolf et al., 2003) .
Calibra on and Valida on
We limited the calibration to those parameters that could be related directly to observations and to the new parameters of the N 2 O production and consumption modules. Th e SWAP model was calibrated for each site individually against the available soil moisture data. Drainage resistance, infi ltration resistance, and the van Genuchten parameters of the soil water retention function are known to affect the soil moisture and groundwater level (Finke et al., 1996; Kroes et al., 2000; van Dam, 2000) . Using a one-at-a-time (OAT) sensitivity analysis (Campolongo et al., 2001) , we determined for each site which of these parameters had the most infl uence on the soil moisture content. We optimized the two most infl uential parameters, using the brute force optimization approach (Lohninger, 1999) , to determine the parameter combination giving the highest sum of model effi ciencies for soil moisture at two depths.
Th e humus and total organic matter content in 1941, aff ecting the decomposition and mineralization rates in the simulations of later years, were calibrated for each site individually against measurements of organic matter content, NH 4 content, and CO 2 emissions in recent years (Jacobs et al., 2003 (Jacobs et al., , 2007 .
Th e parameters of the N 2 O production and consumption processes were assumed equal for the three sites. We calibrated these parameters against the observed daily N 2 O emissions at Oukoop and validated the simulations using data from the other two sites. For the calibration, we fi rst divided the observed fl uxes into periods with mainly background or peak emissions. We performed an OAT sensitivity analysis for the parameters of the N 2 O module, testing the sensitivity of the peak fl uxes and background fl uxes separately. Th e background fl uxes were only sensitive to the maximum fraction of NH 4 -N transformed into N 2 O-N (F nit,max ) and the exponent β for the eff ect of changes in water-fi lled pore space (wfps) on nitrifi cation. We calibrated these parameters manually against the observed fl uxes at Oukoop for Days of the Year 230 to 274. Th e peak fl uxes were only sensitive to the electron affi nity of N 2 O relative to the electron affi nity of NO 3 (E af ). We calibrated this parameter manually against the observed fl uxes at Oukoop for Days 275 to 310. It was not possible to eliminate errors in the highest peak emissions within the plausible range of E af ; therefore we calibrated E af against the "moderate" peak emissions in between the highest peaks. Th e fl uxes were not sensitive to the other parameters of the N 2 O module (the minimum fraction of NH 4 -N transformed in N 2 O-N by nitrifi cation, F nit,min ; the threshold wfps, wfps th ; and the aeration response of N 2 O reduction relative to NO 3 reduction, r S,ae ). For these parameters we used default values from the literature. Th e calibrated parameters are listed in Table 5 (base values).
Model Analysis
Model output was compared with the available observations. For Oukoop, which had the smallest measurement uncertainty, further model analysis was performed. Th e model output was analyzed to see how production was related to emission. We distinguished Effi ciency factor for gross dry matter production relative to optimal standard production 0.65
Mass fraction of shoots left in the fi eld at harvesting 0.05
Reduction factor for decomposition rate of soil organic matter in subsoil 0.6 Table 5 . Range of the parameter values in the N 2 O production and consumption modules used in the calibration and sensitivity analysis. Th e base values are the calibrated values. Th e sensitivity to the model parameters is given for emission, production by nitrifi cation, and net production by denitrifi cation in the topsoil and subsoil. Th e sensitivity is indicated by the diff erence in cumulative N 2 O production or emission between the minimum and maximum value of the parameter relative to the cumulative emission of the base run. whether the emitted N 2 O was produced by nitrifi cation or denitrifi cation, at what depth it was produced, and whether it was emitted immediately or with a delay. In a sensitivity analysis, we determined the sensitivity of the emission and the production of N 2 O to the parameters of the N 2 O production and consumption modules. In an OAT sensitivity analysis, parameter values were varied within the ranges listed in Table 5 . An explanation of the parameters is provided in the Appendix. We defi ned sensitivity S as the absolute diff erence in cumulative N 2 O emission or production (N 2 O cum ) between the minimum and maximum values of the parameter relative to the cumulative emission of the base run (N 2 O em,cum,base ): 2 cum,max 2 cum,min 2 em,cum,base
In an error analysis, we studied the errors in the simulated N 2 O emission in relation to the production of N 2 O. We defi ned for each day the dominant production process, i.e., the process contributing most to the emission, to see if errors could be assigned to a particular production process. Figure 1 shows the simulation results for soil moisture and mineral N for the three sites. The simulation of soil moisture is fairly accurate, with r eff 2 > 0.76 for Stein and Oukoop and r eff 2 > 0.51 for Zegveld. At all sites, simulation of soil moisture in the topsoil was too high aft er the summer period. At Stein, the mineral N content was simulated very well. At Zegveld, the NH 4 content was simulated at the right order of magnitude but the NO 3 content was overestimated. At Oukoop, the simulated mineral N content was in good agreement with the data set with observations in the layers 0 to 0.10 and 0.10 to 0.20 m, but was overestimated compared with the observations in the data set with samples covering 0 to 0.20 m. It seems unlikely that the mineral N content at Oukoop changed as fast as the combination of the observations from the two data sets suggests. It is not clear why the data sets are so diff erent or which data set is best. Figure 2 depicts the observed and simulated N 2 O concentrations in the subsoil at Zegveld. Th e N 2 O concentrations in the subsoil were simulated at the right order of magnitude, with low concentrations in the summer and an increase in concentrations in the winter. Th e model failed to simulate the extreme concentrations around Days 220 and 310. Th e concentrations in spring were simulated too high compared with the observed concentrations. Figure 3 and Table 6 show the simulation results for the daily N 2 O fl uxes for the three sites. At all three sites, the simulated N 2 O fl ux was highly dynamic with time. At Stein and Oukoop, the model results showed some emission peaks that were not observed. Th ese extra peaks resulted in an overestimation of the cumulative fl ux (CRM > 0) at Stein and Oukoop. Th e peak emissions on Days 276 and 297 at both sites were simulated, but too early and too high in comparison with the observations. Th e gradually decreasing emissions at the ends of the peaks were simulated well. Th e simulation at Stein yielded the best r 2 value (r 2 = 0.16); however, r eff 2 < 0, indicating that the mean was still a better estimate for the daily emissions than the simulated values. Also for Oukoop, model performance as judged from r eff 2 was poor. Th e simulation at Zegveld yielded a positive value for r eff 2 (r eff 2 = 0.05) and the lowest value for RMSE n , but with only a limited number of observations. Th erefore this cannot be considered representative of the model performance on a daily basis.
Results
Model Performance
Model Analysis
Figures 4 and 5 depict net production of N 2 O by denitrifi cation and nitrifi cation, respectively. Th e maximum net N 2 O production by denitrifi cation was approximately 100 times higher than the maximum N 2 O production by nitrifi cation. Nitrifi cation takes place throughout the soil profi le, but is strongest in the topsoil aft er grazing and manure application and aft er rainfall. Net production of N 2 O by denitrifi cation occurs both in the topsoil and just above the groundwater level when the groundwater level rises. Net consumption of N 2 O by denitrifi cation occurs mainly below the groundwater level, but also in the topsoil and just above the groundwater level when the groundwater level drops. Figure 6 depicts the N 2 O emission and net production of N 2 O by denitrifi cation in the topsoil and subsoil, together with the observed amount of precipitation. Nitrous oxide production by nitrifi cation was negligible at this scale. Simulated peak emissions clearly correspond to simulated N 2 O production in the topsoil. In the topsoil, N 2 O was produced on rainy days; approximately half of the N 2 O was emitted immediately on the same day. When the rainfall intensity was high or aft er a couple of rainy days in a row, N 2 O production in the top layer ceased. In the subsoil, N 2 O was produced a few days aft er high-intensity rainfall events, followed by a period of N 2 O consumption (= negative net production). In the periods between the emission peaks, smaller "background" emissions were simulated, also when total N 2 O production was equal to or less than zero. Th ese "delayed" emissions arose from dissolved N 2 O produced by earlier denitrifi cation in both the topsoil and subsoil (not shown).
Figure 7 provides scatter plots of the observed and simulated fl uxes separated for days with emission from nitrification, days with emission from denitrifi cation in the topsoil, and days with delayed emissions. At all three sites, the emissions on days with denitrifi cation in the topsoil was overestimated, with the exception of one extremely high emission event at Zegveld. Th e simulation of delayed emissions was better, with some overestimation at Stein but with encouraging simulation results for Oukoop. Emission from nitrifi cation was overestimated for the small fl uxes at Stein but underestimated for the larger fl uxes at both Stein and Oukoop.
In Table 5 , we present the results of the sensitivity analysis for Oukoop. Th ese results are representative of the results for all three sites. Th e N 2 O emissions and the net N 2 O production by denitrification in the subsoil were most sensitive to the electron affi nity E af and, next, to the maximum fraction of N 2 O produced by nitrifi cation, F nit,max . Th is illustrates the coupling between nitrifi cation and denitrifi cation in peat soils. Th e net production of N 2 O by denitrifi cation in the topsoil was most sensitive to E af but was in general less sensitive to the parameters tested than the net production in the subsoil. Th e N 2 O production by nitrifi cation was most sensitive to F nit,max .
Discussion and Conclusions
Th e results of this simulation study show, as expected, that the detailed model combination SWAP-ANIMO is suited to simulate the dynamics of the soil moisture content and mineral N content.
Although observations were limited, N 2 O concentrations in the subsoil also seemed to be simulated reasonably well. Th e simulation of daily N 2 O emissions was not successful, however, with extra peaks simulated that were not observed, resulting in model effi ciencies for Stein and Oukoop < 0. Th e model performance in terms of the r 2 and CRM was comparable with the model performance in other studies for agricultural land (Li, 2000; Grant and Pattey, 2003; Jarecki et al., 2008; Li et al., 2008) .
In the present study, N 2 O was found to be mainly produced by denitrifi cation in both the topsoil and the subsoil just above the groundwater level. Th is is further illustrated by the sensitivity of the N 2 O emissions to E af , although this also refl ects the large range tested in the sensitivity analysis due to the uncertainty in this parameter (Kim et al., 2003) . Other studies support the fi nding that denitrifi cation is the major N 2 O-producing process in peat soils (Dowrick et al., 1999; Pihlatie et al., 2004) and can be large just above the groundwater level (van Beek et al., 2004) . Koops et al. (1997) , on the other hand, concluded that nitrifi cation is an important N 2 O-producing process in peat soils. In our simulations, N 2 O formed in the subsoil was fi rst stored in the soil water, resulting in a higher N 2 O concentration in the soil water, and later partly reduced and partly emitted with a delay. Th e combination of high N 2 O production in the subsoil with low emissions has been reported from fi eld measurements (van Groenigen et al., 2005; Neft el et al., 2007) , although these studies also reported high emissions when concentrations in the subsoil were high. Clough et al. (2005) supported our fi ndings that soil water in the subsoil acts as a temporary storage body for dissolved N 2 O, delaying the emissions and increasing the time available for potential reduction.
Th e error in our simulation could be mainly attributed to overestimation of N 2 O emissions from denitrifi cation in the topsoil on the day of production. Th is conclusion is a direct result of the calibration of E af , as the sensitivity analysis revealed that E af is the main parameter determining N 2 O production and emission from denitrifi cation. Th e values needed for correct simulation of N 2 O emission from denitrifi cation in the topsoil or the subsoil, however, are highly diff erent: ?1000 and 10 for N 2 O emissions from denitrifi cation in the topsoil and the subsoil, respectively. Although a value of 1000 to 2000 has been used in other simulation studies (Conijn and Heinen, 2001; Schmid et al., 2001) , experiments have shown that the value of E af is in the range of 0 to 30 (Cho, 1982; Kim et al., 2003) . Moreover, the simulated N 2 O concentrations were largely underestimated when E af ≥ 1000.
We investigated various possible causes to explain the diff erences between the observed and the simulated N 2 O emissions. Th e uncertainty in the observed fl uxes due to methodological issues might add extra uncertainty compared with the uncertainties depicted in Fig. 3 . For the fluxes measured with the chamber technique, the high spatial variability of the fl uxes within the fi eld was an extra source of uncertainty (Velthof et al., 1996) , especially at Stein, where only two chambers were used. Another source of uncertainty in chamber fl uxes is the linear regression method that was used to determine the fl uxes from the chamber data (Rochette and Eriksen-Hamel, 2008) , which can lead to serious underestimation (>50%) of the fl uxes (Kroon et al., 2008) . Although both sources of uncertainty can aff ect the magnitude of the peak emissions, they aff ect the occurrence of peak emissions to a lesser extent.
It cannot be excluded that some peaks may have been missed completely in the observations, but it is unlikely that this was the case for all extra peaks in the simulations. Th e assumption we made for the fl uxes from eddy covariance data, that all N 2 O was emitted from the land surface, might give an overestimation of the fl ux. Th is cannot explain the diff erences we saw between the observed and simulated N 2 O emissions. Moreover, one would expect diff ering patterns if the measurement methodology had a major infl uence on the results of our comparison, because of the diff erent techniques that were used to measure the N 2 O emissions. Still, the diff erences between observed and simulated N 2 O emissions show the same pattern for Stein and Oukoop, with peaks that are too high and too early; for Zegveld, this is less clear. Th erefore we conclude that it is unlikely that these diff erences can be explained by uncertainties in the observed emissions.
It is also unlikely that the diff erences between observed and simulated fl uxes can be explained by uncertainties in the simulated N content, rainfall input data, or soil moisture content. Although the uncertainty in the accuracy of the simulated mineral N content at Oukoop was large, at Stein the mineral N content was simulated very well. Both sites show the same errors in the simulated N 2 O emissions from denitrifi cation in the topsoil. Th e use of daily precipitation data may have led to an off set in the start of peak emissions. Aft er a precipitation event, it takes a couple of hours before emission increases (Rudaz et al., 1991) , so precipitation in the evening might lead to N 2 O emissions the next day. When daily input data are used, it is possible that N 2 O emissions are simulated 1 d earlier than observed. For the main peaks observed on Day 275 at Stein and Oukoop, however, the rainfall event causing the N 2 O emissions was in the morning. In that case, it is unlikely that the time lag between the observed and simulated emissions was caused by using daily precipitation data.
Th e uncertainty in the soil moisture content is mainly related to the absolute daily value and not as much to the dynamic behavior of the soil moisture with time. Th erefore it is unlikely that the extra simulated peak emissions were due to simulation errors in soil moisture. An exception is the period between Days 220 and 250 at Stein. During this period in the simulation, the soil moisture content was overestimated, whereas the N 2 O fl ux was underestimated. Possibly nitrifi cation was the source of N 2 O, which was underestimated in the simulations because of an overestimation of the soil moisture content. It was expected that during this period shrinkage cracks had opened in the fi eld, causing rapid drainage of rainwater instead of infi ltration in the soil. Th ese shrinkage cracks were not accounted for in the model, resulting in the overestimation of the soil moisture content.
Comparing the conditions for denitrifi cation in the topsoil and in the subsoil, we found the main diff erence to be the wfps: in the topsoil during denitrifi cation, typically wfps < 0.99, whereas in the subsoil wfps > 0.99. Apart from production, this also aff ects the storage and transport of N 2 O. Th e diff usion coeffi cient of N 2 O in water is approximately 10,000 times smaller than the diff usion coeffi cient of N 2 O in air (Heincke and Kaupenjohann, 1999) . Th is leads to higher diff usion in the topsoil than the subsoil and less reduction on the day of production. A slower diff usion would lead to both a delay in peak emissions and a decrease in the peak emissions due to further reduction of N 2 O to N 2 . Indeed, additional tests revealed that an increasing soil moisture content in the topsoil resulted in a decrease in diff usion and in N 2 O peak emissions; however, the simulated soil moisture content in those tests was far from the observed soil moisture content.
Based on the eff ect of soil moisture on the errors between the observed and simulated N 2 O emissions, we formulated the new hypothesis that an uneven distribution of soil moisture due to pore geometry leads locally to a higher soil moisture content. In peat soils, pore size is highly variable (Quinton et al., 2009) . Small, closed, and dead-end pores (microsites) coexist with large pores (mesopores) that actively contribute to diff usive transport in air and water (Hoag and Price, 1997; Caron and Nkongolo, 2004) . Th e microsites can remain waterlogged for extensive periods, creating anaerobic conditions that favor denitrifi cation (Currie, 1961; Smith, 1980; Leff elaar, 1988) , whereas N 2 O diff usion to the surface is dominated by gaseous diff usion in the air-fi lled mesopores. With regard to this, the exchange rate of N 2 O between the waterfi lled microsites and the air in the mesopores is an important factor in determining the fractions of N 2 O that are emitted immediately or stored temporarily in the soil water. Th is exchange rate in ANIMO is based on the assumption of equilibrium between N 2 O in the water and the gas phases. Th e exchange of N 2 O between the water and the gas phases may be slower, however, due to discontinuities in the pore system (Caron and Nkongolo, 2004) or a relatively small air-water interfacial area (Skopp, 1985) .
None of the current fi eld-scale simulation models have included these processes as such, although some models have included more or less empirical factors to delay diff usion or increase reduction. In the DNDC model family (Li et al., 1992a Li, 2000) , diff usion of N 2 O from denitrifi cation is reduced as a function of the anaerobic fraction and a clay fraction. In PaSim (Schmid et al., 2001) , increased reduction at microsites has been taken into account by increasing the electron affi nity for N 2 O relative to NO 3 by a factor of 2000. Th e N 2 O produced by denitrifi cation is discharged into a separate N 2 O pool and a resistance that controls diff usion between this pool and the soil N 2 O pool is implemented. In Ecosys (Grant et al., 1993) , diff usion in the water and gas phases is calculated separately and the exchange between the two phases is based on the air-water interfacial area (Skopp, 1985) . Th is is the only model taking pore geometry into account when determining this interface.
We conclude that the description of the N 2 O processes in ANIMO is insuffi cient to accurately simulate daily N 2 O emissions from peat soils, even when all controlling factors are accurately simulated. Th is is mainly due to overestimation of N 2 O emission from denitrifi cation in the topsoil. Improvement is expected from incorporation of the eff ects of (peat) pore geometry, in the sense of the presence and connectivity of microsites and mesopores, on soil moisture and consequently on N 2 O storage and reduction. Only a process-based description of these eff ects will ensure successful applicability under various conditions and for various soil types. Useful experimental data would be simultaneously measured concentrations of N 2 O in the soil water and soil air or N 2 O concentrations inside soil aggregates. Further questions are how pore geometry aff ects N 2 O emissions from other soils than peat and how they aff ect emissions of other gases that experience both production and consumption in the soil, like NO or CH 4 .
Appendix
Th e main equations for N 2 O production and emission in ANIMO are described here. A more detailed description was given in Hendriks et al. (2011) . 
where F nit,min is the minimum fraction of NH 4 -N transformed into N 2 O-N by nitrifi cation, F nit,max is the maximum fraction of NH 4 -N transformed into N 2 O-N by nitrifi cation, wfps th is the threshold value of wfps, and β is the exponent for the eff ect on F nit of changes in wfps.
Th e production and reduction of N 2 O by denitrifi cation, R p,den (kg N m -3 soil d -1 ) and R rd,den (kg N m -3 soil d -1 ), respectively, are modeled as the two-step reduction NO 3 → N 2 O → N 2 . Nitrous oxide production and reduction are determined by the electron production rate, R p,el (kmol e − m -3 soil d -1 ), NO 3 and N 2 O concentrations, c N2O and c NO3 (kg N m -3 water), respectively, and the response functions for aeration ( f ae ), temperature ( f T,den ), and pH ( f pH ). Th e function f ae is a relative rate response function that expresses the N 2 O reduction rate response to changes in aeration relative to the NO 3 reduction rate response.
( ) 
